A multilocational field trial was conducted at 4 locations in India-Rajasthan, Gujarat, Madhya Pradesh, and West Bengal-to determine the persistence in cabbage of chlorfluazuron applied twice at 75 and 150 g active ingredient ha −1 . Cabbage head samples were collected from each replicated plot on 0 (2 h after spraying), 1, 3, 5, 7, 10, and 15 d after final insecticide application, including an untreated control. Chlorfluazuron residue in cabbage and field soil was estimated by high-performance liquid chromatography using a photo diode array detector. The limit of determination and limit of quantification of the method were recorded as 0.05 and 0.10 μg g −1 , respectively. Results revealed that chlorfluazuron dissipated linearly with progress of time, following first-order kinetics. The mean (± standard deviation) half-life value of chlorfluazuron in cabbage was found to be 7.18 ± 0.71 d, considering different locations and treatments. The residue was below the level of quantification in the harvested cabbage and soil samples. Harvesting cabbage in the experimental location, at least on day 7, after 2 applications of chlorfluazuron at the recommended dose, may not pose any ill effect for Indian adults. Environ Toxicol Chem 2017;36:3028-3033.
INTRODUCTION
Cabbage (Brassica oleracea var. capitata) is a very popular vegetable, in high demand because of its high nutritional and medicinal value 1 and consumer preference. Its use against various diseases related to the stomach and digestion has been documented in the literature 2, 3. This vegetable has an excellent anticancer property, and the presence of indole-3-carbinol in cabbage may protect the body against bowel cancer 4. Cabbage prefers a cool and moist climate for growth and can also tolerate frost injury. In India, it is grown mainly during the winter season and in a few places during the rainy season. This vegetable can be cultivated in different types of loamy soil having neutral pH. India is ranked second in cabbage production after China, with an average yield of approximately 22.9 MT ha −1 5. Recently, however, the crop yield has shown a decreasing trend as a result of serious pest attacks in the field 6. The diamondback moth (Plutella xylostella), one of the most important insect pests of cruciferous crops, has been doing considerable damage to cabbage production in India 7, 8. Previously, this pest was managed successfully by use of generic insecticides, such as malathion, quinalphos, and endosulfan; but subsequently it has built up resistance to different classes of insecticides, including synthetic pyrethroids 9.
Chlorfluazuron (N-[[[3,5-dichloro-4-[[3-chloro-5-(trifluoromethyl) (Figure 1 ), a member of the benzophenyl urea group, is a potent chitin synthesis inhibitor and controls several lepidopteran caterpillars, including the diamondback moth. It can enter insect body parts through contact and ingestion and create toxic effects. The compound does not have systemic and translaminar activity in plants 10. This molecule was introduced by Ishihara Sangyo Kaisha 11 in the late 1980s for control of insecticide-resistant lepidopteran pests on vegetables and fruits, especially in Australia, Hungary, Japan, the Philippines, and Vietnam. In India, it was recently registered for use in cabbage and cotton to protect against several insect pests, such as the diamondback moth, the tobacco leaf-eating caterpillar, and the American bollworm 12. Reports on negative impacts of chlorfluazuron on natural enemies and pollinating insects are very rare. It can be easily adopted in integrated pest-management schedules. The compound exhibits ovicidal activity against the common cutworm (Spodoptera litura) and the adult German cockroach (Blattella germanica) 13, 14. Chlorfluazuron also has been found to effectively control flies in nonagricultural application 15 and termites by using bait matrix 16, 17, which may extend the spectrum of its use. In addition to having an insect-controlling ability, chlorfluazuron may persist in the environment and pose a toxicity threat to humans. It has a partition coefficient (n-octanol/water, at pH 7, 20 °C ) of 5.8, which indicates that chlorfluazuron has the potential to bioaccumulate 18. This compound may be accumulated in the body through the food chain. Thus, the present field study was designed to understand the persistent nature of chlorfluazuron in cabbage and to assess safety risks associated with its use. To the best of our knowledge, there was a dearth of information about dissipation kinetics of chlorfluazuron in field cabbage in India before the present experiment was planned. Hence, efforts were made to evaluate the half-life of this compound in cabbage at different locations in India to determine safe consumption of cabbage after chlorfluazuron application.
MATERIALS AND METHODS

Chemicals and reagents
Chlorfluazuron 5.4% emulsifiable concentrate formulation and chlorfluazuron analytical standard (United Phosphorus Limited) were used in the experiment. All solvents and reagents used were of analytical grade. A stock standard solution of 100 ppm chlorfluazuron was prepared (100 mg L −1 ) by dissolving 100 mg analytical standard of chlorfluazuron in 1000 mL methanol.
The working standard solutions were made from the above stock standard through a serial dilution technique as required.
Field experiment
The persistence of chlorfluazuron in cabbage was studied at 4 different locations in India:
Rajasthan, Gujarat, Madhya Pradesh, and West Bengal. Popular varieties of cabbage were raised in 20-m 2 plots in each location (Table 1) as the spray liquid. The insecticide was applied at the vegetative stage of cabbage after initial infestation of diamondback moth. To ensure a uniform spray, the sprayer was calibrated prior to application regarding nozzle flow rate, spray width, and walking speed of the applicator. The experiment was conducted in randomized block design. Control plots were also maintained, in which only water spray, and no chlorfluazuron, was applied (T3). 
Sampling
Cabbage head samples (approximately 500 g) were collected from each replicated plot on 0 (2 h after spraying), 1, 3, 5, 7, 10, and 15 d after final insecticide application, including the untreated control plot. Harvest samples of cabbage head and field soils (at harvest, from 15 cm depth) were also collected from each replicated plot for analysis.
Sample preparation
Samples were processed immediately by the following methods so as to avoid loss of chlorfluazuron residues as a result of any kind of degradation during storage.
The cabbage sample was cut into very small pieces and put in a homogenizer vessel (PT 3100;
Polytron). The sample was homogenized for 4 to 5 min. After that, a representative sample (5 g) was put in a 50-mL centrifuge tube from the vessel, and 20 mL methanol was added into the tube. The tube was then kept undisturbed for 2 h. A mixture of ChemElut (1 g; Agilent) and anhydrous Na2SO4 (1 g) was added into the sample. The sample was then mixed thoroughly by vortexing for 1 min and centrifuged (Avanti J-30I Centrifuge; Beckman Coulter) for 10 min at 5000 rpm. An aliquot of 1 mL of the supernatant was collected from the tube. It was then filtered through a syringe filter using a 0.22-μm nylon filter and diluted with methanol. Finally, the sample was analyzed by high-performance liquid chromatography (HPLC) equipped with a photo diode array detector.
A representative soil sample (50 g) was taken in a conical flask (250 mL) and added to a 100-mL mixture of acetone and water (8:2, v/v). It was soaked overnight, followed by shaking in a mechanical shaker for 30 min the next day. After that, the sample was filtered with filter paper (Whatman 42) using 100 mL of the same solvent for washing and concentrated in a rotary vacuum evaporator. The concentrated extract was partitioned thrice with ethyl acetate (100 + 50 + 50 mL). A combined ethyl acetate fraction was concentrated to 2 mL in a rotary vacuum evaporator. A chromatographic glass column was packed with a mixture of silica gel (5 g) and florisil (5 g) in between 2 layers of sodium sulfate (2 g). Hexane was used as the packing solvent.
The concentrated extract was poured into the column. Then the column was eluted with 100 mL of hexane followed by 100 mL of methanol. A methanol fraction was collected and evaporated to dryness in a rotary vacuum evaporator at 40 °C, and the volume was reconstituted in methanol (HPLC grade) for HPLC analysis.
HPLC operating parameters
The Shimadzu HPLC system equipped with a photo diode array detector was used for quantitative analysis of chlorfluazuron. A Chromatopak C18 column (250 × 4.6 mm; Peerless 
Recovery study
A recovery study was performed to judge the reliability of the analytical method described.
Untreated cabbage head and soil sample were spiked at 3 levels with 0.10, 0.50, and 1.00 μg g −1 of chlorfluazuron. Using the same methodology for both cabbage and soil as described previously in the Methods section, samples were processed and analyzed. Cabbage and soil samples were also analyzed before spiking, and no detectable residue of chlorfluazuron was found. The precision of the method in terms of repeatability was checked on the basis of relative standard deviation (RSD%).
Data analysis
The dissipation behavior of chlorfluazuron in cabbage under field conditions followed first-order kinetics. The logarithm of pesticide residual concentration versus time interval gives a straight line, which shows that the dissipation process follows first-order kinetics. The first-order kinetics is expressed as 20
where C0 is the initial concentration, Ct is the concentration of the pesticide residues at time t, and k is the degradation rate constant. The residual half-life (RL50) can be termed as the time in days required for the concentration of pesticide residue to reduce to one-half of its original deposit 20. The residual half-life of chlorfluazuron was recorded using the following equation
Safety assessment
The safety risk of chlorfluazuron in cabbage was assessed by comparing the theoretical maximum residue contribution with the maximum permissible intake of chlorfluazuron. The theoretical maximum residue contribution is recorded by multiplying daily consumption of the food commodity by the amount of chlorfluazuron residue (in parts per million), which is expressed in milligrams per day 21. Maximum permissible intake is estimated by multiplying the acceptable daily intake of chlorfluazuron by the average body weight of a human being. Because acceptable daily intake is deduced as the safe intake limit for a healthy adult, maximum permissible intake is also calculated considering an adult's body weight 22. The average body weight of an Indian person is 55 kg 23.
RESULTS AND DISCUSSION
Method validation
The analytical method was validated on the basis of linearity, reproducibility, and precision.
Chlorfluazuron showed good linearity for 6 different concentrations (thrice replicated), ranging from 0.05 to 2.0 μg g −1
. The limit of determination (signal to noise ratio 3:1) and limit of quantification (signal to noise ratio 6:1) of the method were determined as 0.05 and 0.10 μg g and soil samples is presented in Table 2 , along with its corresponding standard deviation (SD) and RSD values. The recovery of chlorfluazuron was found in the range of 86 to 96% for both cabbage and soil. The RSD values ranged from 1.10 to 6.82 in cabbage and from 1.10 to 6.59 in soil at different spiking levels. This was well in agreement with the acceptance limit of method validation 24. Hence, the analytical method was found to be efficient and adopted for the persistence study of chlorfluazuron in cabbage.
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Calibration curve of areas corresponding to different concentrations of analytical standard of chlorfluazuron. 
Persistence in cabbage
The residue data of chlorfluazuron in cabbage head samples for different locations and different day's interval are given in Table 3 At location IV, the initial deposits of chlorfluazuron ranged from 2.49 to 5.14 μg g −1
, and the calculated half-life values were 6.39 and 8.10 d for T1 and T2, respectively. More than 50% of initial deposits dissipated within 3 d, irrespective of dose rates.
The mean half-life value of chlorfluazuron in cabbage was found to be 7.18 ± 0.71 (SD) d, considering different locations and treatments. The residues were below the level of quantification on days 7 and 10 after application for T1 and T2, respectively, at all locations.
Because the compound itself is not readily taken up by plants through leaves or roots 10, it is obvious that the residues remaining on the plant surface shall be dissipated rapidly through various weathering processes 25. This fact is supported by the findings of Shim et al. 26, who reported that certain external factors, such as UV radiation, heat decomposition, volatilization, and other complex conditions, were primarily responsible for chlorfluazuron dissipation in pears.
The residue was found below the level of quantification in harvested samples of cabbage and field soil, irrespective of treatments and locations.
Safety risk assessment
The recommended dietary allowance of vegetables of an Indian adult is considered to be 300 g ). At location IV, the theoretical maximum residue contribution value at day 7 after application of chlorfluazuron (recommended dose) was less than the maximum permissible intake value, as the residue was below the level of quantification of 0.10 μg g −1 . When the dose was double the recommended dose, the theoretical maximum residue contribution value was less than the maximum permissible intake value at day 10 after application, irrespective of location. Different agro-climatic conditions were considered for selection of locations to judge the influence of distinct environmental exposure on persistence of chlorfluazuron in cabbage. It was thus evident from the result that harvesting cabbage at least on day 7 after 2 applications of chlorfluazuron (recommended dose) in all the locations could be safe for human consumption (for adults).
CONCLUSION
The present study shows that the half-life values of chlorfluazuron range between 6.03 and 8.10 irrespective of location and variety. From this finding, it can be understood that there may not be any residual impact of chlorfluazuron on the next crop to be grown. Dissipation of chlorfluazuron can be studied further in different cabbage-growing locations that fall outside the range used in the present study (i.e., areas that receive more rainfall, cooler temperatures, or even frost). The analytical method can be improved further by adopting mechanized insecticide application, as well as using more sophisticated instruments, such as liquid chromatographymass spectrometry, for lowering detection limits. From a safety point of view, the present experiment reveals that cabbage heads may be safely consumed by Indian adults on day 7 after 2 applications of chlorfluazuron at the recommended dose. Shim et al. 26 mentioned that chlorfluazuron can be safely applied to protect pears when used 2 to 3 times at 14 d before harvest. Thus, it can be concluded that chlorfluazuron has relatively low persistence when applied in cabbage at the recommended dose and may not pose any ill effect if consumed on day 7 after 2 applications.
